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Physical Chemistry Division, National Chemical Laboratory, Pune, IndiaABSTRACT Though nanomaterials such as carbon nanotubes have gained recent attention in biology and medicine, there are
few studies at the single-molecule level that explore their interactions with disease-causing proteins. Using atomistic molecular-
dynamics simulations, we have investigated the interactions of the monomeric Ab1-42 peptide with a single-walled carbon nano-
tube of small diameter. Starting with peptide-nanotube complexes that delineate the interactions of different segments of the
peptide, we find rapid convergence in the peptide’s adsorption behavior on the nanotube surface, manifested in its arrested
movement, the convergence of peptide-nanotube contact areas and approach distances, and in increased peptide wrapping
around the nanotube. In systems where the N-terminal domain is initially distal from nanotube, the adsorption phenomena
are initiated by interactions arising from the central hydrophobic core, and precipitated by those arising from the N-terminal resi-
dues. Our simulations and free energy calculations together demonstrate that the presence of the nanotube increases the ener-
getic favorability of the open state. We note that the observation of peptide localization could be leveraged for site-specific drug
delivery, while the decreased propensity of collapse appears promising for altering kinetics of the peptide’s self-assembly.INTRODUCTIONAccording to the Amyloid hypothesis, self-assembly of the
39–42 residue Amyloid beta (Ab) peptide into insoluble
aggregates is associated with the onset of the dreaded
Alzheimer’s disease (1). The Ab peptide is created from
exact proteolysis of the amyloidogenic sequence within
the amyloid precursor protein. Though the production rates
of the 42-residue peptide are approximately eight times
lower than the 40-residue form, it has greater propensity
to oligomerize and aggregate and is associated with far
greater neurotoxic effects (2,3). There is evidence that the
peptide’s self-assembly is influenced by mutations, changes
in the solvent environment, and thermodynamics conditions
(4–7). Interestingly, a number of emerging studies suggest
that the soluble, oligomeric intermediates could be more
toxic than the insoluble aggregates (2,8,9).
Structural and computational studies indicate that resi-
dues belonging to three contiguous regions within the Ab
peptide play prominent roles in its self-assembly: the central
hydrophobic core spanning the residues L17VFFA21
(6,10,11); the turn region spanning V24GSN27 (12,13); and
an additional C-terminal hydrophobic domain thought to
span a subset of the residues G29AIIGLMVGGVVIA42
(6,11). The importance of these regions and the interplay
of their dynamics has been demonstrated by several experi-
mental and computational studies (6,10,14,15). Self-
assembly of the peptide includes a number of key steps
that involve the interplay of enthalpic (favoring association)
and entropic (favoring dissociation) effects, and at optimalSubmitted June 15, 2011, and accepted for publication March 14, 2012.
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0006-3495/12/04/1889/8 $2.00thermodynamic conditions result in the formation of insol-
uble fibrils, wherein the two strands of the peptide separated
by the turn region form a collapsed, hairpin-like structure
(10,14).
Interactions between the peptide’s hydrophobic domains
leading to its collapse is thus considered one of the key steps
in Ab self-assembly, whether into soluble oligomers or into
insoluble aggregates (6,15). Efforts to interfere with or
destabilize the self-assembly of the peptide have included
approaches that impose external perturbations to the phys-
ico-chemical behavior of these domains. Because the central
hydrophobic core is thought to play a key role in the adhe-
sion of peptide units, it had been suggested that fibrillar
extension could be prevented with the binding of small
peptides or ligands to this patch (10). It has been shown
that potential Alzheimer’s disease drug candidates preferen-
tially interact with and stabilize the central hydrophobic
core of the peptide, and perhaps work by preventing confor-
mational changes that could lead to amyloid formation (16).
Interestingly, a very recent study points out the inverse
correlation between the strength of ligand binding to this
core and the aggregation rate (17).
The convergence of many unique properties in carbon
nanotubes (CNTs) (such as ordered structure, high aspect
ratio and surface area, ultralight weight, high mechanical
strength, etc.) has opened up several avenues of their appli-
cability (18–20). Particularly in biology, CNTs are, as of this
writing, being considered for usage in biomolecular sensors
and in biomedical devices (21,22), as well as in therapeutics,
either for direct interaction with disease-causing biomole-
cules (23) or for site-specific drug delivery (24). Such poten-
tial applications have necessitated detailed studies of CNTdoi: 10.1016/j.bpj.2012.03.036
1890 Jana and Senguptainteractionswith peptides, proteins, sugars,membrane lipids,
and nucleic acids, and in fact, a number of recent studies
demonstrate interesting structural, conformational, and func-
tional changes in biological molecules adsorbed on CNT
surfaces (25–29). Molecular dynamics (MD) simulations
have demonstrated how single-walled carbon nanotubes
(SWCNTs) induce curvature increases in biomolecules
around them, leading to the observation of biomolecular
wrapping around nanotubes (25–28). SWCNTs have also
been shown to interfere with backbone hydrogen bonding
of helical peptides, and the dimensions of the SWCNT has
been shown to have an effect on the interaction propensities
(25,26,30–32).
Experimentally, it has been shown that CNTs (and related
nanoparticles such as fullerenes) affect protein aggregation
kinetics (33). This is noteworthy in light of a number of
earlier studies that have implicated p-p stacking of aromatic
residues in peptide self-assembly (34–36), and as inhibition
of amyloid formation has oftentimes been attributed to the
interference by drug molecules to the interactions between
aromatic side chains of nearby peptide units (37,38).
Conversely, very recent experimental work involving muta-
tions of Phe19 and Phe20 of Ab1-42 with aliphatic side chains
such as Leu and Ile show that aggregation propensities
remain unchanged (or even enhanced) (39,40). Interestingly,
substitution of the aromatic residues with Valine causes
a decreased stability of the aggregates (40). Detailed simu-
lation studies have already shown that oligomeric Ab frag-
ments belonging to the second hydrophobic domain
(G25SNKGAIIGLM35) form barrel-like structures on
SWCNTs surfaces and can hinder further self-assembly
(41). However, as noted in that study, details of SWCNT
interactions with other important regions of the peptide
(such as the central hydrophobic core and the C-terminal
hydrophobic tail) require further investigations.
The body of research discussed above suggests that CNTs
could significantly affect the intrinsic behavior of disease
causing peptides. However, barring a few insightful studies
that describe the interaction mechanisms between CNTs and
such peptide candidates (29,33,41), this area of research
remains largely unexplored. As mentioned earlier, CNTs
can be used either directly as site-specific drug-delivery
agents, or as entities that modulate the conformational land-
scape of amyloidogenic proteins, thus interfering with self-
assembly and amyloid formation. In this article, we report
results obtained with fully atomistic MD simulations of
the full-length, Ab1-42 peptide (PDB:1Z0Q) in proximity
to SWCNTs in aqueous environment. We have carried out
a total of nine simulations of 80 ns each, with five different
relative orientations of the peptide’s central hydrophobic
core and the second, C-terminal hydrophobic domain with
the SWCNT. The five configurations differ in their initial
peptide-SWCNT contact areas, as well as distances of the
important hydrophobic regions from the SWCNT; the
contact area was initially the least (greatest) and the distanceBiophysical Journal 102(8) 1889–1896from the central hydrophobic core was the greatest (least)
when the second (first) helical region was placed parallel
to the SWCNT. Further, a control simulation of the same
trajectory length has been generated for the pure peptide
in absence of SWCNT.
We find that the central hydrophobic region and the first
16 residues at the N-terminus play an important role in influ-
encing the interactions with the SWCNT. Though these
regions are distal to the nanotube in two of the setups, the
interaction strength is such that there is rapid convergence
in the peptide-SWCNT distance and contact areas with the
values obtained with the other setups. For all simulations,
there is a manifold increase in the peptide-SWCNT contact
area within tens of nanoseconds, resulting in similar wrap-
ping propensities around the SWCNT. Our adaptive biasing
force (ABF)-based calculations of the free energies as
a function of the distance between centers of mass of the
Ab strands (i.e., the collapse distance), performed with the
setups where the SWCNT is parallel to either of the hydro-
phobic domains, demonstrates that the presence of
SWCNTs hinders the propensity of peptide collapse. This
is corroborated by the converged, high distance of collapse
obtained with all the simulation trajectories. We discuss the
implications of peptide localization and adsorption, and
the thermodynamic favorability of the open relative to
the closed states in the presence of SWCNT, in the develop-
ment of methods to prevent self-assembly of Ab peptides.MATERIALS AND METHODS
Setup of peptide-SWCNT complexes
We have considered an armchair (6,6), single-walled carbon nanotube
(SWCNTs) of length 99.5 A˚, radius 4.1 A˚, containing 984 carbon atoms.
The SWCNT coordinates were obtained using the VMD package (42). To
avoid artifacts that may arise due to edge effects, periodic boundary condi-
tions were used to create infinitely long SWCNTs parallel to the x axis; this
approach has been adopted in relatively recent simulation studies (25). The
coordinates for the Ab1-42 peptide were obtained from the PDB database
(PDB:1Z0Q) (7). These coordinates, obtained with solution NMR studies
in a 3:7 mixture of hexafluoro-2-propanol and water, correspond to a largely
helical form of the monomeric peptide. The structure consists of a
long N-terminal helix (S8GYEVHHQKLVFFAEDVG25) and a shorter,
C-terminal helix (K28GAIIGLMVGG38), separated by a two-residue turn
(S26N27). In our first system (referred to henceforth as NT1), the SWCNT
axis is made parallel to the vector joining the Ca atoms of the 8th and the
25th residues. In our second system, (referred to henceforth as NT2), the
SWCNT axis is made parallel to the vector joining the Ca atoms of
the 28th and the 38th residues. Three more systems (referred to henceforth
as NT3, NT4, and NT5) were created with either helical domain oriented at
30 or 45 relative to the SWCNT.
In all the setups, the SWCNT axis is set at exactly 12.6 A˚ away from the
center of mass of the closest helix; thus, the SWCNT surface is, in all cases,
8.5 A˚ away from the respective center of mass. The initial setups are de-
picted in Fig. 1. The relative orientations of the two helices with the
SWCNT in each setup, the distances and angles of the two helical domains
relative to the SWCNT, are provided in Table S2 in the Supporting Material.
The distances of residues 8–38 from the SWCNT in the setups are provided
in Table S3 and Table S4.
FIGURE 1 (Color online) Setups of the Ab1-42
peptide-SWCNT complex. Segments L17
VFFAEDVGS26 (red-orange) and K28GAIIGLMV
GGVVIA42 (blue-green). L17VFFA21 (the central
hydrophobic core, HP1) lies at one end to the first
patch (highlighted in orange), and A30IIGLM35
(HP2) lies within the second patch (highlighted
in green). The side chains of these segments are
shown in line representation.
Monomeric Ab Adsorption on SWCNT Surface 1891Throughout the simulations and the free energy calculations, the
SWCNTs were held fixed at its setup position with a constant harmonic
force with a force constant of 2 kcal mol1. The Ab1-42 peptide is charac-
terized by the presence of two important hydrophobic regions that have
been referred to throughout this article as HP1 and HP2. The central hydro-
phobic core, comprised of residues 17–21 (LVFFA), has been designated
‘‘HP1’’. Of the C-terminal residues, the importance of residues 30–35 (A30
IIGLM35) has often been discussed (2,16,43). We refer to the residue stretch
of 30–35 as ‘‘HP2’’. A control simulation for the peptide was also per-
formed. The NH3
þ and COO groups were added to the N- and C-termini,
respectively, of the peptide in all six setups, and each system was solvated
with the TIP3P water model (44). Three sodium counterions were added to
neutralize each system. The dimensions of the periodic box and the number
of water molecules added to each system are provided in Table S1.MD simulations and free energy calculations
Molecular dynamics (MD) simulations were performed with NAMD2.7
simulation package (45) and visualizations were made using the VMD
tool (42). The CHARMM22 all-atom force field with the CMAP correction
was used (46,47). Bond lengths involving hydrogen atoms were held fixed
using the SHAKE algorithm (48). Energy minimization, using the conju-
gate gradient technique, was first performed for 10,000 steps on all the
systems. After this, simulations were carried out in the isothermal-isobaric
(NPT) ensemble. Three independent trajectories of 80-ns duration were
generated for the NT1 and NT2 simulations, and one each for NT3, NT4,
NT5, and the free peptide. Thus, the total simulation data for the peptide-
nanotube complex were for 720 ns. A constant temperature of 310 K was
maintained using Langevin dynamics with a collision frequency of
1 ps1, and a 1 atmosphere pressure was maintained using the Langevin
piston Nose´-Hoover method (49,50). A timestep of 2 fs was used. Three-
dimensional orthorhombic periodic boundary conditions were employed.
Electrostatic interactions were calculated with the particle-mesh Ewald
method (51). The cutoff distance for nonbonded interactions were set to
12 A˚ with a smoothing function employed from 10.5 A˚.
The adaptive biasing force (ABF) method, as implemented in the
NAMD2.7 package, was used to calculate the free energy profiles of the
NT1 and NT2 systems, as well as for the pure peptide (52,53). Unlike
the umbrella sampling technique, this method for calculating the potential
of mean force (PMF) requires no prior knowledge of the free energy
surface, and has been used in a number of recent studies to probe conforma-
tional changes in biomolecular systems, using a variety of spatial reaction
coordinates (54–57). In our calculations, the center-of-mass distance of theresidue segments L17VFFAEDVGS26 and K28GAIIGLMVGGVVIA42 was
taken as the reaction coordinate to characterize the peptide’s collapse. This
distance, dcollapse, spanned a separation of 8–21 A˚, which was divided into
52 windows, each 0.25 A˚wide. The free energy profiles used for comparing
barrier heights converged over a period of at least 18 ns. The total sampling
time for the NT1 and NT2 systems was 180 ns and 198 ns, respectively,
while it was 130 ns for the pure peptide.RESULTS AND DISCUSSION
Peptide localization and adsorption on the
SWCNT surface
We began by comparing the center-of-mass motion of the
peptide relative to its position at the setup configuration
(time ¼ 0 ns), when in the free state, and when in complex
with the SWCNT. We find that irrespective of the initial
configuration, diffusion of the peptide is markedly restricted
in the presence of the SWCNT. Further, the contact angle
between HP1 and the SWCNT is restricted to relatively
low values (~15) within few tens of nanoseconds. See Sup-
porting Material for greater details.
It has been observed that amphiphilic peptides have
a distinctive tendency to adsorb around the rigid hydro-
phobic surface of high curvature provided by CNTs (25).
For the 42-residue Ab peptide with relatively long, contig-
uous hydrophobic regions, the contact area with the
SWCNT can be used as a quantitative measure for charac-
terizing the extent of adsorption on to the nanotube. For
our simulation trajectories, we have estimated this value
by the method specified in recent reports (25,26), as half
the difference between the sum of the solvent-accessible
surface areas of the peptide and the SWCNT, and that of
the peptide-SWCNT complex. A probe of 1.8 A˚ diameter
is used to calculate the individual solvent accessible surface
areas of the peptide, SWCNT, and the complexes.
In Fig. 2, we show temporal evolution of the full peptide-
SWCNT contact area for the nine peptide-SWCNTBiophysical Journal 102(8) 1889–1896
FIGURE 3 (Color online) Time evolution of the radial distance of
SWCNT and with (a) HP1 and (b) HP2 segments of Ab1-42 for the NT1
(in red) and NT2 (in blue) setups, averaged over three trajectories each.
FIGURE 2 (Color online) Evolution of peptide-SWCNT contact area
over (a) three NT1 trajectories, (b) three NT2 trajectories, and (c) NT3
(in green), NT4 (in magenta), and NT5 (in orange) trajectories. Snapshots
of NT1 and NT2 shown in the Supporting Material correspond to the plotted
data (in brown).
1892 Jana and Senguptasimulations. Further, in Table S5 and Table S6, we report the
values of the contact area with SWCNT for the full peptide,
the N-terminal segment (residues 1–16), and regions HP1
and HP2, averaged over different time segments for all
nine trajectories. Despite initial differences in dynamics in
the early stages, all the peptide-SWCNT simulations show
marked increase in the contact area; the final values attained
are in the vicinity of 900 A˚2. In Fig. S3 in the Supporting
Material, we show the peptide configuration around the
nanotube cross section at selected points along the trajecto-
ries. For the NT1, NT3, NT4, and NT5 simulations, the
contact areas rise rapidly and attain saturation values within
a few tens of nanoseconds. For NT2, the setup with the least
initial contact area, the snapshots describe the role of the
HP1 region in the peptide’s wrapping around the nanotube.
In Fig. 3, we have plotted the evolution of the mean radial
distance of the centers of mass of HP1 and HP2 from the
SWCNT surface for the NT1 and NT2 trajectories (see
Fig. S4 for plots of the other systems). The radial distance
between HP1 and the nanotube converges for all systems
by the end of the simulations. For the HP2 patch, the corre-
sponding changes are minor, and the radial distance from
the nanotube remains largely constant for all trajectories.
We note that for systems with low initial contact areas
(NT2 and NT4), the decrease in the approach distance of
HP1 to the nanotube precedes the increase in the peptide-
SWCNT contact area. Thus, it appears that the adsorption
mechanism initially involves an approaching closeness of
the SWCNT with the central hydrophobic core. The even-
tual convergence of the radial distances and the contact
areas suggest that the initial relative configuration between
the peptide and the SWCNT is of minor importance in the
adsorption mechanism.Biophysical Journal 102(8) 1889–1896Peptide-nanotube interaction energies
It is known that hydrophobic interactions are the dominant
forces behind peptide and protein adsorption on fullerene
balls, pristine graphene sheets, and CNTs (25,32,33). The
different initial geometries used in our study are meant to
delineate interactions of the important parts of the Ab1-42
peptide with the SWCNT; however, we observe strong
convergence in the peptide behavior in these systems within
a few tens of nanoseconds. For understanding the differential
contributions of the principle hydrophobic regions in the
Ab1-42 peptide in the observed adsorption mechanism, we
have calculated for all the trajectories, the self, nonbonded
energy of the peptide; the peptide’s interaction energies
with the SWCNT; and interaction energies of important
hydrophobic regions of the peptide with the SWCNT.
We show, in Fig. 4 a, the total nonbonded energy of the
peptide over the peptide-nanotube complexes, as well as
for the control simulation of the pure peptide; data for
NT1 and NT2 are averaged over three trajectories each.
This energy is higher overall when in proximity to the
SWCNT. Toward the end of the simulations, the total
nonbonded energy of the peptide, averaged over all nine
simulations with the SWCNT, is lesser than that of the
pure peptide by ~105 kcal mol1. Not surprisingly, the
peptide’s bonded self-energy (the sum total of bond, angle,
dihedral, and improper components) displays no significant
differences among any of the simulated trajectories (data not
shown). It is thus obvious that interactions with the SWCNT
are responsible for the decreased stability of the peptide. In
Fig. 4 b, we show evolutions of interaction energy of the
nanotube with the full peptide. This interaction is found to
stabilize rapidly for all, except the NT2 trajectories. Toward
the end of the simulations, however, we find clear con-
vergence in the interactions, irrespective of the initial
FIGURE 6 (Color online) Time evolution of interaction energies of the
SWCNT with (a) residues 1–16, (b) HP1, and (c) HP2 segments of the
peptide in the NT3 (in green), NT4 (in magenta), and NT5 (in orange)
setups.
FIGURE 4 (a) (Color online) Total nonbonded energy of the full peptide
along the control, NT1 and NT2 simulation trajectories. (b) Total interac-
tion energy of the full peptide and the SWCNT along the NT1 and NT2
simulation trajectories. Energy units used are kcal mol1. The data for
NT1 and NT2 have been averaged over the three independent trajectories
each.
Monomeric Ab Adsorption on SWCNT Surface 1893configurations. The mean peptide-SWCNT interaction in
the last 10 ns is 128.8 (511.2) kcal mol1.
To understand the role of key regions in the peptide’s
adsorption on the SWCNT, we have calculated the interac-
tion energies of the N-terminal segment (residues 1–16),
HP1, and HP2 with the SWCNT, for all the nine peptide-
SWCNT trajectories. As seen from plots of these interac-
tions in Figs. 5 and 6, corresponding interactions obtained
from different trajectories converge toward the end of the
simulations. Averaged over all trajectories, between 70FIGURE 5 (Color online) Time evolution of interaction energies of the
SWCNT with (a) residues 1–16, (b) HP1, and (c) HP2 segments of the
peptide in the NT1 (in red) and NT2 (in blue) setups, averaged over three
trajectories each.and 80 ns, the interaction with the N-terminal residues is
55.0 (57.8) kcal mol1; with the HP1 segment is 17.1
(53.1) kcal mol1; and with the HP2 segment is 16.2
(52.6) kcal mol1. For the NT2 simulations, we observe
an interesting correlation between the interaction strengths
and the peptide’s adsorption on the SWCNT surface.
Initially, we observe an onset in the interaction strength
with the HP1 domain and a concurrent sharp drop in the
distance from the SWCNT. This is followed by a more
substantial increase in the interaction strength with the
N-terminal domain, and the attainment of saturation values
of the peptide-nanotube contact area. This reiterates the role
of HP1 in initiating the adsorption process, whose interac-
tions with the SWCNT appear to initiate the adsorption
process by bringing the N-terminal domain closer to the
nanotube.Propensity of peptide collapse
A key step in the self-assembly of the Ab peptide in
a primarily aqueous environment either into oligomers or
into insoluble aggregates, is the formation of collapsed units
of the monomeric form. This collapse is thought to be
largely due to the strong hydrophobic interactions of the
central hydrophobic core, and the hydrophobic patches
near the peptide’s C-terminus (11,12,15). Therefore,
devising methods in which the propensity for peptide
collapse is decreased can lead to effective ways of prevent-
ing Ab self-assembly and amyloidogenesis. As mentioned
earlier, we have chosen the center-of-mass distance dcollapse
between the contiguous sequences L17VFFAEDVGS26 and
K28GAIIGLMVGGVVIA42 of the Ab1-42 for comparing
the free energy changes due to peptide collapse; this hasBiophysical Journal 102(8) 1889–1896
FIGURE 8 (Color online) Time evolution of dcollapse for the control,
NT1, and NT2 trajectories. Data for NT1 and NT2 have been averaged
over three independent trajectories.
1894 Jana and Senguptabeen done for the peptide-SWCNT systems with the largest
and the smallest initial contact areas (i.e., NT1 and NT2),
and the pure peptide. The first sequence contains the central
hydrophobic core and the greater part of the first helix of the
PDB:1Z0Q structure, and the second sequence contains the
main C-terminal hydrophobic sequence. It is to be noted that
the collapse (opening) of the peptide will effectively bring
these patches closer (farther away), and therefore the sepa-
ration between their centers of mass can be considered as an
effective metric to probe loop closure propensity of the
monomeric Ab.
In Fig. 7, we show the PMF profiles obtained with the
three setups mentioned above. (Details pertaining to the
PMF calculation and the order parameter involved are
provided in the Materials and Methods.) For the peptide
monomer in the purely aqueous environment, there is a clear
propensity for the patches to come together, or to collapse,
and the energetic cost of maintaining the open state is
>~15 kcal mol1. In the presence of the SWCNT, there is
a striking decrease in the energetic cost of maintaining the
open states, which are energetically more favorable
compared to the closed states. The PMF profiles indicate
the appearance of a barrier between the two states, and
considering the initial dcollapse value of 16.7 A˚, a marked
propensity for the open states. From estimates of the
peptide-nanotube contact area, we ascertained that the
peptide remains in the vicinity of the SWCNT after a tran-
sient time during the course of the ABF calculation.
Shown in Fig. 8 are plots of dcollapse obtained from the
canonical MD simulation trajectories of the free peptide,
and the NT1 and NT2 systems; corresponding data for
NT3, NT4, and NT5 are shown in Fig. S6. For the peptide
in NT1–NT5, dcollapse, for the last 40 ns is 17.8 (51.4) A˚.
On the other hand, the average value over the last 40 ns of
the free peptide trajectory is 6.9 (50.8) A˚, representingFIGURE 7 (Color online) Free energy profiles along dcollapse for the
control, NT1, and NT2 setups obtained with ABF calculations.
Biophysical Journal 102(8) 1889–1896a decrease by 58.7% over the initial value. We mention
here that three other independent 50-ns simulations of the
same peptide coordinates in a purely aqueous environment,
performed at 300 K, show a consistent decrease in dcollapse;
the average value of 8.2 A˚ (or a decrease of ~51%) at the end
of the 50-ns simulations reiterates the spontaneity of
collapse of the peptide when placed in a purely aqueous
environment (data not shown). The presence of the SWCNT
thus acts to disrupt the spontaneity of the collapse process.CONCLUSION
In this article, we have presented the results of our investi-
gations on the effects of a SWCNTon the full-length, mono-
meric Ab1-42 peptide. Five different initial configurations of
the peptide and the SWCNT, with differences in the
distances of and the angles made by the nanotube with
key domains, as well as in the initial peptide-nanotube
contact area, have been used. Compared with the pure
monomeric peptide, we find significant changes in the
behavior of the peptide when in proximity to the nanotube.
We observe that peptide diffusion is largely arrested in the
presence of the SWCNT, resulting in an overall localization
of the peptide in its vicinity. The structural stability of the
peptide is decreased; and the change in the peptide’s
nonbonded energy is approximately equivalent to the inter-
action strength of the peptide with the SWCNT. The adsorp-
tion is independent of the initial peptide-nanotube
configuration, as indicated by the converged values of the
contact area obtained from all trajectories.
Our studies show that the peptide’s collapse propensity
is markedly reduced in the presence of the SWCNT.
ABF-based free energy calculations using two representa-
tive peptide-SWCNT setups indicate that the open state
should be largely populated at physiological temperatures.
Monomeric Ab Adsorption on SWCNT Surface 1895Preliminary analyses show that interactions of the HP1
segment with HP2 are hindered due to the onset of interac-
tions with the nanotube. Further studies will be required to
unravel, in detail, the competition between interactions
that lead to spontaneous collapse of the free peptide, with
interactions arising due to the nanotube that act to prevent
the collapse.
We propose that some of the observations from this study,
and other computational studies of SWCNT interactions
with the Ab peptide fragments (41), may be leveraged as
means to disrupt Ab aggregation in aqueous environment.
As mentioned previously, in recent years, CNTs are being
considered for applications such as site-directed drug
delivery and gene therapy. In the case of the Ab peptide,
the observance of peptide localization near the SWCNT
could thus be advantageous as it could increase the speci-
ficity of drug delivery mechanisms. Importantly, the inhibi-
tion of peptide collapse suggests that SWCNTs could be
a powerful agent for prevention of the peptide’s self-
assembly.
It is necessary, however, to keep in mind some of the
extant limitations and challenges that need to be met. To
begin with, CNTs of very large dimensions can be highly
cytotoxic (as they are capable of deforming the walls of
living cells) (58). Thus, only CNTs of limited sizes may
be used in actual, cell-based studies. Further, we know
that pristine CNTs are insoluble in water (21). However,
recent experimental work shows that suitably functionalized
CNTs have vastly increased solubilities (59,60), and several
approaches for increasing the dispersion of CNTs in soluble
media with noncovalent functionalization also exist (27,61).
Further studies of the Ab peptide with such suitably func-
tionalized SWCNTs that retain sufficient hydrophobic
surface area for the peptide’s adsorption will be required;
this may require finding optimal aspect ratios of the nano-
tubes. Lastly, this study has been performed with the mono-
meric form of the Ab1-42 peptide, and this approach may
only work before the formation of insoluble aggregates, or
even soluble oligomers and protofibrils. Detailed studies
probing the competition between adsorption of a free mono-
meric peptide onto a SWCNT surface and its propensity for
deposition on the edge of a protofibril would be required; it
needs to be determined whether or not the strength of the
interactions with the SWCNT is sufficient to overcome the
enthalpy of protofibrillar elongation.SUPPORTING MATERIAL
Six tables and six figures are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(12)00377-3.
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